Introduction
Observations of gravity waves at equatorial latitudes are extremely rare. Gravity waves, particularly small-scale, shortperiod (<1 hour) waves, are known to be important drivers of the mean winds and thermal structure of the mesosphere and lower thermosphere via wave energy and momentum transport [e.g., Fritts and Vincent, 1987] . Variations in the seasonal flux of these waves are therefore expected to have marked effects on the dynamics of the upper middle atmosphere at equatorial, middle, and high latitudes. The statistical properties of smallscale gravity waves (at any latitude and season) are still uncertain, and measurements of their occurrence frequency, horizontal wavelengths, horizontal phase velocities (and hence their observed periods and dominant directions of motion) are of considerable importance for assessing their impact on the local atmospheric dynamics. In this paper we present image zil (located on the magnetic equator at 2.3øS), as part of the NASA/Instituto Nacional de Pesquisas Espaciais (INPE) Guara campaign, and provide a rare opportunity to investigate the occurrence and dominant characteristics of short-period gravity waves in close proximity to the geographic equator.
To date, most nightglow imaging studies have utilized the bright NIR hydroxyl (OH) emission which originates from a well-defined layer (--•8 km half width) centered at a mean altitude of --•87 km [Baker and Stair, 1988] . These observations have mainly been made from midlatitude mountain sites and have revealed a variety of wave motions. Classification of the waves into different groups has been attempted by several researchers [e.g., Clairemidi et al., 1985; Armstrong, 1986; Taylor, 1986 ]. In most cases this classification has been based on a somewhat arbitrary division of the observed range of horizontal wavelengths ('•h) which vary from typically 5 < '•h < 100 km. As a result of these studies, distinct spatial and temporal properties have emerged which suggest the existence of two The apparent similarity in morphology and dynamics of ripple events to the "billow" waves seen in noctilucent clouds (NLC) [e.g., World Meteorological Organization (WMO), 1970], suggests similar-type source mechanisms [Taylor, 1986; Clairemidi et al., 1985] . A likely source for ripples and billows is thought to result from the chance combination of wind and wave motions (of tidal or other origin) creating localized regions of strong wind shear which in turn generate small-scale waves in situ through the Kelvin-Helmholtz instability [e.g., Haurwitz and Fogle, 1969 ; Taylor and Hapgood, 1990] . This is a dynamic-type instability and in the absence of strong winds, or if the winds are aligned parallel to the perturbing wave, then the ripple structures should appear "spanwise" (i.e., oriented approximately parallel to the perturbing wave front). However, Fritts et al. [1993] have recently suggested an alternative threedimensional, convective-type instability as a potential source for the generation of some of the smaller-scale (-5 km), shorter-lived (<several minutes) wave events. In this case and under similar wind conditions the resultant ripple structures will be "streamwise" oriented and should appear approximately perpendicular to the primary wave front. In principle, measurements of small-scale waves in the presence (and/or absence) of larger-scale motions can therefore be used to discriminate between these source mechanisms.
With the development of sensitive solid state (CCD) imaging systems, measurements of gravity waves in the faint visible wavelength O1(557.7 nm) nightglow emission (peak altitude -96 km) and the Na (589.2 nm) emission (peak altitude -90 km) are now practical even from low-altitude sites. As these emissions peak at heights above the OH layer (peak altitude -87 km), they enhance significantly the potential of image measurements for investigating the occurrence and properties of gravity waves that exist throughout the upper mesosphere and lower thermosphere (altitude range -80-100 km). For the Guara campaign a multiwavelength, all-sky imaging system was used to record gravity waves over a large geographic area (>0.6 x 106 km 2) using sequential measurements of the NIR OH and visible wavelength OI and Na nightglow structure. Observations were made during two periods (6 August to 10 September and 1-16 October 1994) in conjunction with radar, photometer, and in situ rocket soundings.
In this study we present the results of the image analysis classifying the data into two categories using the "band" and "ripple" criteria defined earlier to determine the average properties of the quasi-monochromatic wave motions present at 
Gravity Wave imager
The image measurements were made using a large area (6.45 cm 2) solid state charged coupled device (CCD), consisting of 1024 x 1024 pixels, thermoelectrically cooled to -40øC. The high quantum efficiency (-80% at visible and 50% at NIR wavelengths) and low-noise characteristics of this device (dark current <0.5 e-/pixel/s) provide an exceptional capability for quantitative measurements of faint, low contrast (>5%) gravity wave signatures in the nightglow emissions. The camera was fitted with a fast (f/4) telecentric lens system and a fiveposition, temperature stabilized, filter wheel providing all-sky (180 ø) coverage using narrowband interference filters. The format of the all-sky lens system was such that each pixel in the CCD array subtended an equal angle on the sky resulting in an almost linear relationship between zenith angle and distance as measured from the center of the image. Table 1 lists the characteristics of the filters used for these measurements. Exposure times ranged from 15 s for the bright OH emission to 90 s and 120 s, respectively, for the fainter O1(557.7 nm) and NaD lines. As part of the image sequence, two additional measurements were made, one at 572.5 nm to assess the background sky conditions and the other at 630 nm to investigate the high altitude (-280 km) F-region OI(630.0 nm) emission (the results of which will be the subject of a separate report.
For this study the background images were used to help discriminate the presence of tropospheric cloud in the data. More detailed spectral analyses utilize the background images to subtract out the effects of scattered light (mainly from the city of Sao Luis ---40 km away) and airglow continuum emission from the data images prior to analysis. Observations of each nightglow emission were recorded once every -9 min except for the OI(557.7 nm) emission which was sampled every 4-5 min. For a pure monochromatic wave motion this implies a limiting Nyquist period of 18 min for the OH and -9-10 min for the OI(557.7 nm) emissions. However, spatial nonuniformities in the waveforms, such as "fronts" or "edges," often enable us to accurately track the motion of individual waveforms and hence to evaluate wave periods significantly less than the Nyquist limit.
Analysis and Results

Guara Image Measurements
The imaging system was located at the INPE Satellite Tracking Station, Centro de Lancamento de Alcantara, Brazil (2.3øS, 44.5øW). Measurements were made in conjunction with the NASA/INPE Guara campaign during two observing periods: 6 August to 10 September, as part of the "MALTED" program [GoMberg et al., 1995] , and 1-16 October, as part of the "SPREAD F" program. Although the measurements were made from approximately sea level, a wealth of high contrast, short-period wave structure was recorded during both observing periods. This result is depicted in Figure I which plots the frequency of occurrence of wave structure at any position within the "all-sky field," for the O1(557.7 nm) image data. In practice, the useful field of view was found to extend down to zenith angles of ---80 ø (limited primarily by local horizon and tropospheric scattering and extinction effects). This corresponds to an effective ground range of -480 km for the OI emission assuming a mean altitude of 96 km. Depending on the orientation of the waveforms, the cutoff for identifying periodic structure at this limiting range is -20 km. Despite the sometimes severe restrictions imposed by meteorological cloud, approximately 120 hours of useable data were recorded on 23 out of 25 nights, of which -70 hours contained distinct wave structure indicating a relatively high frequency of occurrence (-60%). More complex wave patterns consisting of a mixture of two (or more) band patterns or band and ripple displays were observed on several occasions during this campaign. The OI (557.7 nm) image of Figure 2d shows an extensive set of N-S aligned ripples in the zenith and eastern sky ()t h = 8.6 _+ 0.1 km) superposed on a faint band pattern ()t h = 22.7 _+ 0.6 km) that was observed to progress from low elevations toward the equator, again on an -ENE heading. The geographic location, orientation, and the relative scale sizes of these two wave displays are shown in the map of Figure 3 which also illustrates the observing geometry for these measurements.
Equatorial Wave Characteristics
Analysis of this data set has focused on identifying wave events, primarily in the O1(557.7 nm) emission (peak altitude -96 km), with a subsequent investigation of the lower-altitude NaD (589.2 nm) and NIR OH emissions to determine additional events that were not evident in the OI data set. The images were calibrated first using the star background, and then prominent wave features were mapped onto the Earth's surface to form a series of maps (e.g., Figure 3) , from which the The date listed corresponds to the evening when the measurements were initiated. Values of z•, were deduced from 02 and OH temperature measurements using a tilting filter photometer; values in parentheses are estimated. The space between events 13 and 14 indicates the division into two sets corresponding to the onset of strong anisotropy in the wave headings (i.e., prior to and after 2 September). The question mark indicates situations where a value for (Xz)m is indeterminate using equation (2) as the estimated intrinsic period was less than horizontal parameters (Xh, Vh, 'rob) and the wave propagation heading were determined for each identifiable event. (Note that very low contrast features that were not easily identifiable in the data have not been included in this analysis.) A full description of this spatial analysis procedure (as applied to narrow angle image data) has been given by Hapgood and Taylor [1982] . This method of analysis was determined to be the most practical, in this case, as attempts to perform twodimensional spectral analysis of the wave motions (as described by Taylor and Garcia [1995] were often impeded by transient clouds. The results of the spatial analysis were then separated into two groups corresponding to bands and ripples using the differences in the geographical extent and the duration of each wave pattern as the primary dividing criteria. A total of 37 O1(557.7 nm) displays were analyzed in this manner, 21 of which consisted of extensive band motions (often, but not always, occupying the entire field of view), with 16 small-scale, short-duration ripple events. In addition, 17 OH displays (9 bands and 8 ripples) and 2 Na(589.2 nm) displays (1 band, 1 ripple) were observed totaling 56 wave events. Because of clouds the number of displays yielding accurate measurements of wave velocity was reduced to 49 events. For comparison, a summary of the measured band and ripple parameters is given in Tables 2 and 3, respectively. On some occasions the wave activity was very high, and several band and/or ripple events were imaged during a single night (e.g., September 1). However, bands and ripples were not always present on the same nights. Figure 13 compares the results of our imaging study (49 events) with the collation of measurements of horizontal scale versus observed period reported by Reid [1986] . This data ensemble consists of a diverse set of 408 measurements 59% of which were derived from radar data and 41% from optical observations. The data are plotted on a log-log scale and span several decades in 7ob and Xh but are restricted significantly at short scales by the temporal and spatial resolution of the instrumentation and the observing configurations employed. The principal result of this study was the determination of a distinct trend toward longer horizontal wavelengths as the observed period of the waves increased. This data collation has subsequently been expanded greatly by the inclusion of MF Doppler radar measurements [Reid and Vincent, 1987] Manson [1990] .
TAYLOR ET AL.' SHORT-PERIOD GRAVITY WAVES AT EQUATORIAL LATITUDES
Comparison With Radar and Lidar Measurements
With one exception (rob = 36.6 min), all of our data fall within the square area outlined on the figure (which also includes several points from Reid's collation). The trends evident in the image data compare very favorably with those present in the ensemble of measurements (as shown in the exploded view which includes only the "Guara component"). It is clear that the imaging results provide an important addition to this collation of wave events in the region of short observed periods (rob < 20 min) and short horizontal wavelengths (X h < 50 km). This statement is also pertinent to the more extensive wave measurements reported by Reid and Vincent [1987] ,Manson and Meek [1988] , and Manson [1990] which are characterized by observed periods -> 10 min and, in the latter two studies, by X h _> 40 km. Since 22 of the band events in our study . The difference between radar and lidar measurements of gravity wave scales has been discussed in some detail by Manson [1990] and more recently by Beatty e! al.
[1992], but as indicated by both groups, a satisfactory explanation has yet to emerge. For the short-period data under discussion here, one possible explanation for the disparity between the imager and lidar trends may have its basis in the fact that these two instruments tend to sample different parts of the gravity wave spectrum. It is important to reemphasize that an imager provides direct measurements of Ah and vh for short-period, quasi-monochromatic waves. In contrast, a lidar samples directly the vertical wave field from which the horizontal scales are inferred using the internal gravity wave (IGW) dispersion relationship [e.g., Gardner and Voelz, 1987] . Recently, Taylor et al. [1995c] have compared wave data recorded simultaneously by the University of Illinois wind-temperature lidar system and by the all-sky imager used for these studies. Distinct gravity wave signatures were observed simultaneously by both instruments on several occasions, yet comparison of a (limited) data set indicates that the waves detected by each system were quite different. The lidar measured short vertical wavelength waves (few kilometers) corresponding to large apparent horizontal wavelengths (---200 km), while the imager showed directly much shorter horizontal wavelength (--•20 km) waves. The primary reason for this was determined to be the differing capabilities of the two instruments for sensing waves of different vertical scales. The lidar is most sensitive to short vertical wavelength waves (Az -• 10 km) due to the finite width of the Na layer. In contrast, the imager is most responsive to wave events with vertical wavelengths greater than the width of the airglow layers (typically 6-10 krn full width at half maximum (FWHM)). Figure 15 (which presents values for the vertical wavelengths and intrinsic periods calculated using model winds discussed in seciton 4.2) support this conclusion as many of the waves imaged during the Guara campaign exhibited apparent vertical scales significantly larger than 10 km which would make them difficult to detect by lidar techniques. Thus as these two instruments tend to sample different parts of the gravity wave spectrum, it is not surprising that the data indicate different trends. The consequences of these differences require further investigation, but they are clearly important and should be borne in mind when comparing such data sets.
Examination of the image data of
It has been suggested by Collins et al. [1996] that the Na lidars preferentially reveal waves which are very near the strong-diffusive-damping limit defined by Gardner [1994] Because of the paucity of equatorial wind measurements from which this empirical model was formulated, these winds can, at best, only be considered as indicative of the true mean wind conditions. The computed estimates of r•, and the derived parameters of (ri)m and (Xz)m using the model winds (as denoted by the subscript m) are listed in Table 2 together with the measured wave parameters. Despite the uncertainties these computations represent our best estimates of the vertical scales of the waves imaged during the Guara campaign. Examination of Table 2 indicates that the background winds had a significantly larger impact on the estimates of intrinsic periods for the waves imaged prior to 2 September, when the observed phase speeds were relatively low (mean value = 36.1 ms-•), as compared with the second period when the wave phase speeds were much higher (mean value = 57.1 ms -•) (see Figure 12) . Assuming a well-defined trend in the intrinsic wavelength-period relationship for the image data, these results suggest that the effect of the background winds is to mask its appearance in the (Xh, rob) diagram. For example, during the first interval (<_1 September) the intrinsic wave periods differed significantly (up to about 80%) from the observed periods, and no obvious trend was discerned (see Figure 11b) . However, for the second observing interval the difference between ri and rob was often small (typically in the range -15% to 30%) due to the higher wave phase speeds, and a clear trend was found (Figure 11c On the basis of the detection of a major change in the azimuthal distribution of the waves (Figure 8 ) the image data were divided into two sets covering the periods 6 August to 1 September (prior to the equinox) and 2 September to 16 October (around the equinox). One likely possibility for the apparent predominance for wave propagation toward -NE-ENE is that seasonal changes in the stratospheric and mesospheric wind fields occurred during this time resulting in large changes in the filtering of the gravity wave spectrum. A second possibility is that a powerful wave source may have developed to the -SW-WSW of Alcantara (over the South American continent) short-period (<1 hour) gravity waves generated near the Earth's surface would not be expected to propagate large horizontal distances (a few hundred kilometers) before they reached the airglow layers [Hines, 1967] 
Ripple Periodicities
The sharp distribution in observed periodicities of the ripple events (Figure 6b ) (average rob -5.1 min, range 2.7-6.9 min) is a characteristic property that has not been reported previously. As expected, the ripples exhibited shorter horizontal wavelengths (range typically 5-15 km) than bands. However, they were also found to exhibit a significantly different distribution than the bands when plotted in the (Xh --rob) format. This is illustrated in Figure 10 which shows the ripples clustered around the mean observed period of-5 min and exhibiting no obvious (Xh --rob) trend. These properties set ripples apart from most band displays. In particular, the bimodal form of the (Xh --Vh) distribution evident in the ripple data of Figure 9 is most unusual. Figure 16 replots the ripple data of Figure 9 on an expanded scale to investigate this phenomenon. In Figure 16 no attempt has been made to distinguish between ripples observed prior to or after 2 September (as no association was found). Out of a total of 19 events, 14 were found to be associated with two well-defined trend lines. The distinct nature of these two trends is emphasized by the example error bars in each case.
A regression analysis was carried out following procedures similar to those described by Wonnacott and Wonnacott [1981] . The results of this analysis (which uses only the 14 events associated with the central peak in Figure 6 ) are summarized in Table 5 
Summary
Statistical measurements of short-period gravity waves are few and this data set, comprising over 50 events, represents a major first step in quantifying the occurrence frequency and properties of small-scale gravity waves present at equatorial latitudes. Analysis of these data indicates two apparently separable wave sets, termed bands and ripples, and a marked anisotropy in the distribution of wave headings around the equinox with a large fraction (>65%) of the band-type wave motions progressing toward the equator on an ---NE-ENE heading.
Comparison of these wave data with more extensive measurements obtained by radar and lidar techniques in recent years indicates a similar tendency for the observed period of the waves to increase with increasing horizontal wavelength. In particular, the (rob --Xh) trend determined from the band data recorded around the equinox period agrees very well with that deduced by Reid [1986] using a diverse collation of radar and optical measurements. As the imaging system is most sensitive to waves of a smaller horizontal scale than those readily detected by radar, these measurement techniques are highly complementary. However, a similar comparison with the lidar data indicates considerable differences that exceed an order of magnitude at short rob. The reasons for this discrepancy are thought to be related to the differing sensitivities of the two instruments to waves of different vertical scale sizes, but further joint research is necessary to investigate this effect.
It is conjectured that the high degree of correlation in the measurements obtained around the equinox may have resulted from a reduction in the stratospheric and mesospheric winds associated with seasonal changes. However, it remains to be seen how the trends observed in this data set (limited to ---2 months) compare with results of other more substantial image measurements obtained during different seasons. The onset of a series of highly directional wave motions during this period also appears to be associated with equinox conditions. One potential source for the large flux of waves observed on an ---NE-ENE heading may be associated with strong winds blowing over the Andes mountain range. However, an investigation of the penetration of wave energy into the mesosphere at equatorial latitudes and of potential tropospheric sources for these waves will be the subject of a separate report.
Short-period mesospheric wave motions have now been observed from a number of middle and low-latitude sites around the world. The data presented here, using a high-resolution CCD imager, contribute significantly to the "global picture" by revealing a wealth of wave structure at equatorial latitudes.
The band displays were usually (but not always) observed in all three of the nightglow emissions imaged (OI, Na, and OH), indicating freely propagating or ducted wave behavior. In comparison, the ripples were often present in only one of the three emissions, consistent with the hypothesis of in situ generation over a limited height range. However, the Guara data indicate a considerable region of overlap in the spatial and temporal scales of the bands and ripples, and the additional information provided by the imager (e.g., geographic extent and pattern lifetimes) was often necessary to distinguish accurately between these two groups. This distinction between waves generated in situ at airglow altitudes and those whose sources reside naturally in the lower atmosphere is an essential first step toward estimating the flux of quasi-monochromatic gravity waves into the mesosphere and lower thermosphere and their associated momentum deposition. 
